Abstract: The purpose of this project was to characterize brain structure and organization in persons with active and remitted childhood onset epilepsy 50 years after diagnosis compared with healthy controls. Participants from a population-based investigation of uncomplicated childhood onset epilepsy were followed up 5 decades later. Forty-one participants had a history of childhood onset epilepsy (mean age of onset 5 5.2 years, current chronological age 5 56.0 years) and were compared with 48 population-based controls (mean age 5 55.9 years). Of the epilepsy participants, 8 had persisting active epilepsy and in 33 the epilepsy had remitted. All participants underwent 3T MRI with subsequent vertex analysis of cortical volume, thickness, surface area and gyral complexity. In addition, cortical and subcortical volumes, including regions of the frontal, parietal, temporal, and occipital lobes, and subcortical structures including amygdala, thalamus, and hippocampus, were analyzed using graph theory techniques. There were modest group differences in traditional vertex-based analyses of cortical volume, thickness, surface area and gyral index, as well as across volumes of subcortical structures, after correction for multiple comparisons. Graph theory analyses revealed suboptimal topological structural organization with enhanced network segregation and reduced global integration in the epilepsy participants compared with controls, these patterns significantly more extreme in the active epilepsy group. Furthermore, both groups with epilepsy presented a greater number of higher Z-score regions in betweenness centrality (BC) than lower Z-score regions compared with controls. Also, contrary to the group with remitted epilepsy, patients with active epilepsy presented most of their high BC Z-score regions in subcortical areas including the amygdala, thalamus, hippocampus, pallidum, and accumbens. Overall, this population-based investigation of long term outcome (5 decades) of childhood onset epilepsy reveals persisting abnormalities, especially when examined by graph theoretical measurements, and provides new insights into the very long-term outcomes of active and remitted epilepsy. Hum Brain Mapp 38:3289-3299, 2017.
INTRODUCTION
There has been longstanding interest in the effects of increasing duration and/or severity of epilepsy on brain structure and function among patients with epilepsy [Bernhardt et al., 2016; Dabbs et al., 2012; Helmstaedter and Elger, 2009; Lin et al., 2012] . This issue has been examined in adults with chronic epilepsies, particularly temporal lobe epilepsy [Bernhardt et al., 2013; Bonilha et al., 2006; Coan et al., 2009; Morgan et al., 2015] . Progressive brain changes in the context of chronic mesial temporal lobe epilepsy would provide additional impetus to consider surgical intervention and/or earlier surgical intervention, in order to potentially avoid adverse effects of recurrent seizures on brain health.
Another group of interest has been children with new onset or established epilepsies. Here the focus of interest has been the impact of epilepsy and its treatment on brain development and understanding the relationship of abnormalities in brain structure with commonly occurring cognitive, academic, and behavioral comorbidities [Besseling et al., 2014; Bonilha et al., 2014; Braakman et al., 2014 Braakman et al., , 2015 Ibrahim et al., 2014; Widjaja et al., 2014a Widjaja et al., , b, 2015 .
Very little is known about the status of brain structure in persons with established childhood-onset epilepsy in late middle age, antecedent to the time when normal agerelated cognitive and brain changes ensue which would be added to any epilepsy related alterations in brain structure. This is particularly true for persons with uncomplicated childhood onset epilepsies, many of which heretofore have been considered to be relatively benign from a neurological standpoint. How the brain fares decades after childhood onset epilepsy has never been characterized, including how persons with remitted epilepsy may compare to persons with persisting childhood onset epilepsy and healthy aging persons.
Here we examine participants from a population-based cohort of persons with childhood onset epilepsy five decades after diagnosis. This unique cohort is compared with population-based controls in order to characterize the lifespan status of brain structure and organization. Among the participants with epilepsy a sizeable proportion experienced remission of epilepsy decades previously, while others continued with active epilepsy. Therefore, this study characterized remitted and non-remitted epilepsy participants compared with controls decades after epilepsy onset in order to characterize its long term impact on brain structure in late middle age.
We undertook two analytic approaches to assess brain integrity. First, traditional vertex-based analyses of brain volume, thickness, surface area, and gyrification index were performed representing a conventional approach to analyzing brain morphometric status. Second, graph theory analysis was utilized to examine covariance patterns of brain volumes with the hypothesis that such an approach would provide complementary and perhaps more sensitive information about the persisting effects of epilepsy on large scale structural networks involving cortical and subcortical regions.
METHODS

Participants
Participants with childhood-onset epilepsy were originally recruited from the Turku University Hospital catchment area during the years 1961-1964 and followed prospectively over the decades. Participants were on average 5 years old at baseline and 56 years old at the time of investigation (see Table I ). The mean (SD) follow-up of the subjects was 52.5 (4.0) years. The subject recruitment, epilepsy classification and follow-up design of the Turku Adult Childhood Onset Epilepsy (TACOE) study has been described in detail previously [Sillanp€ a€ a et al., 1998 [Sillanp€ a€ a et al., , 2015 . Overall, 51 subjects with epilepsy and 52 controls participated in the TACOE study, of which 86.4% (41 participants with epilepsy and 48 controls) presented good quality neuroanatomical images as required for the present study.
Epilepsy syndromes, epilepsies, epileptic seizures, and etiology of seizures were defined according to the guidelines for epidemiologic research of the International League Against Epilepsy (ILAE) [Commission on Revised Classification of Seizures, 1981; Commission on Epidemiology and Prognosis, ILAE, 1993; Commission on Classification and Terminology, 1989] . Remission of epilepsy was defined in accordance with the newer ILAE definition as a seizure-free period of 10 years and off medication for the past 5 years [Berg et al., 2010] . Eight (19.5%) subjects still had active epilepsy and were still using antiepileptic drugs (AEDs) at the time of the present study. AEDs that the group with active epilepsy was taking included: carbamazepine (CBZ), valproate (VPR), clonazepam (CNZ), phenytoin (PHE), Oxcarbazepine (Ox-CBZ), lamotrigine (LTG), phenobarbiton (PB), levetiracetam (LEV), and pregabalin (PGB).
For the classification of epilepsy, we continued to use the prior classification [Commission on Classification and Terminology, 1989 ] since all prior work on this cohort utilized it and the new classification would represent a break with the old one for etiology [Berg et al., 2010] , making it difficult to use for longitudinal observational studies [Shinnar, 2010] . The syndromes, however, are mostly the same and have been previously published [Sillanp€ a€ a et al., 1999] ]. Of the epilepsy participants, 25 (61.0%) had idiopathic epilepsy syndromes while the remaining 16 (39.0%) had cryptogenic etiology for epilepsy. For the idiopathic group, the syndromes represented were rolandic (n 5 9), childhood absence (n 5 2), juvenile absence (n 5 1), grand mal on awakening (n 5 3), random grand mal (n 5 9), and juvenile myoclonic epilepsy (n 5 1). For cryptogenic, the syndromes were mostly localization-related epilepsies including temporal lobe epilepsy (n 5 8), occipital lobe epilepsy (n 5 1), frontal lobe epilepsy (FLE, n 5 1), and unclassifiable epilepsy syndromes (n 5 6). Table I provides the demographics and comparisons of the groups of interest including remitted and active epilepsy subjects and healthy controls.
This study protocol was approved by the Institutional Review Board (Diary No. 120/2008 /26.1.2009 and the study was conducted according to the principles of the World Medical Association Declaration of Helsinki [1991] . Written informed consent was obtained from all study participants.
MR Imaging and Processing
3D T1-weighted magnetic resonance imaging (MRI) was obtained for all participants in a 3T Siemens Verio scanner (Siemens AG, M€ unchen, Germany). Also T2, DWI, T2*, and FLAIR were obtained for clinical evaluation. All MR images were clinically evaluated by a consultant neuroradiologist to detect structural lesions. T1-weighted volumetric images were processed with FreeSurfer 5.3 image analysis suite (http://freesurfer.net) in order to automatically segment the brain of each participant into cortical and subcortical regions. Details of image processing using FreeSurfer can be found in Fischl et al. [Fischl and Dale, 2000; Fischl et al., 2001 Fischl et al., , 2004 . Volumes of cortical regions were based on the Desikan-Killiany atlas from FreeSurfer. Visual inspection of the processed imaged was undertaken in order to maintain consistent quality throughout. Computations for cortical volume (CV), cortical thickness (CT), surface area (SA), and local gyrification index (LGI) were calculated across the entire cortical mantle. All images were visually inspected for possible motion-related artifacts or distortion, and there were no such artifacts.
Cortical Morphological Analysis and Subcortical Volumes
Analysis for group differences was conducted comparing CT, CV, SA, and LGI with FreeSurfer's statistical tool, Qdec. In order to improve inter-subject variability, scans were smoothed with a 15-mm full-width half-maximum (FWHM) in all analyses. Use of Qdec's Monte Carlo simulation allowed for corrections for multiple comparisons to be made, with the cluster-forming threshold set to P < 0.05. Analyses for CV and SA included intracranial volume (ICV) as a covariate in order to compensate for overall head size differences. Volumes of subcortical structures like the thalamus and hippocampus were analyzed with the Statistical Analysis Software Package (SPSS) (http://www.ibm.com/analytics/us/en/technology/spss/ ) version 22.0 in order to investigate possible group differences. All tests controlled for age and gender. Cognitive impairment defined as having a z-score of at least 1.5 SD below the mean on three or more of 10 cognitive tests that assessed language/semantic ability, episodic learning and memory, working memory, visuomotor ability, and executive function (Karrasch et al., 2017) . Remitted and active epilepsy are significantly different in the proportions with cognitive impairment. 
Graph Theory Analysis
Nodes definition and network analysis
Symmetric matrices of 85 nodes were calculated for each group and included frontal, parietal, temporal, occipital, and subcortical regions. The matrices were calculated based on the partial correlations between node volumes controlling for intracranial volume (ICV). Subsequently, both global and local measures were calculated at a density using a combination of proportional thresholding and minimum spanning tree [MST, see Garcia-Ramos et al., 2015, for further details regarding thresholding methodology]. In short, the thresholding method used a combination of the minimum spanning tree (MST) of the graph plus a proportional threshold of the density of interest. Global measures were acquired at different combined graph densities (from 5% to 40%) in order to ensure that results held regardless of network density. Local measures were calculated at a combined density of 15%. Nodes and their abbreviations can be found in Supporting Information file 1. The Force Atlas algorithm of the open source software Gephi (http://gephi.github.io/) was used for the 2D visualization of community structure for each group (attraction strength 5 10, repulsion strength 5 20,000, gravity 5 30).
Graph theory measures
The Matlab-based Brain Connectivity Toolbox (BCT, http://www.brain-connectivity-toolbox.net/) was used to calculate graph theory measures. Weighted-symmetric adjacency matrices were created for each group in order to perform graph theory analyses. In order to investigate statistically significant group differences, each group matrix was resampled by replacement (i.e., bootstrapped) a total of 500 times. Since results from graph theory measures can occur by chance alone, each graph measure was calculated on 500 random matrices with the same number of nodes and degree distribution as the pertinent graphs. In this way, the null hypothesis could be tested. P-values were corrected for multiple comparisons for each of the global and local measures. Specifically, Bonferroni correction for the global analyses was based on the standard alpha level of 0.05 divided by the number of tests (3 in total) multiplied by the permuted matrices of all three groups (500 3 ) to the power of the number of thresholds used (8 in total). For the BC analysis, Bonferroni correction was based on the standard alpha level of 0.05 divided by the number of nodes (85 in total) and multiplied by the permuted matrices of two groups (500 2 in total). Graph theory measures were obtained from each resampled matrix at the same threshold and averages for the global measures were used for evaluations.
The global measures investigated here included harmonic mean, transitivity, and modularity index. These indices interrogate the properties of network segregation and integration which facilitate investigation of network efficiency, clustering, and configuration, respectively. These measures have been thoroughly described in previous work [Garcia-Ramos et al., 2016] , but in short, the harmonic mean notifies the level of integration of the graph being inversely proportional to its level of integration. Transitivity investigates how clustered nodes are in a graph, therefore characterizing the level of segregation of the network. Finally, the modularity index is a measure that informs the quality of network subdivision into different modules or communities that contribute to the same processes. These global metrics were calculated over a range of topological thresholds in order to ensure that the results were not driven by graph density.
The betweenness centrality (BC) is the regional measure investigated in this study, and it was calculated for each group at a combined threshold of 15%. BC is a measure that represents the relevance of a node for the communication between other nodes in the network [Boccaletti et al., 2006] . Nodes with high BC are said to facilitate global integrative processes given that they serve as "highways" to ease "traffic" flow in the network [Sporns et al., 2007] . The Z-score with respect to controls was calculated in order to better characterize and present the differences between both groups with epilepsy (remitted, active) and control participants.
RESULTS
The control and epilepsy groups (remitted, active epilepsy) were similar in age (F(2,88) 5 0.783, P 5 0.46) and gender (v 2 5 0.961, P 5 0.62). The epilepsy groups were similar in age (F(1,40) 5 1.439, P 5 0.237), gender (v 2 5 0.822, P 5 0.45) and proportion with idiopathic and cryptogenic etiology (v 2 5 8.279, P 5 0.6). Patients with remitted epilepsy were not on antiepileptic drugs (AED).
Vertex Analysis and Subcortical Volumes
No clusters of significant differences in volume, surface area, or local gyrification index were found between the group with remitted epilepsy and controls. There was one region of greater thickness (cluster corrected P 5 0.005 and measuring 2,581 mm 2 ) in the remitted epilepsy group compared with controls, encompassing portions of the postcentral gyrus and superior parietal lobe (Fig. 1A) . Regarding the group with active epilepsy, there were no significant clusters in terms of volume, surface area, or thickness; however, one region showed a greater local gyrification index (cluster corrected P 5 0.0001 and measuring 4,801 mm 2 ) encompassing portions of the lateral occipital lobe into parts of the parietal lobe compared with controls (Fig. 1B) .
Regarding subcortical volumes, the group with active epilepsy had significantly lower thalamic volumes compared with controls (left: P 5 0.024, right: P 5 0.004), and lower left hippocampal volume compared with the remitted group (P 5 0.022). However, since we investigated a total of 17 subcortical regions, these differences do not reach significance after correction for multiple comparisons. 
Adjacency Matrices and Modularity
Adjacency matrices between groups presented fundamental differences (Fig. 2) . First, the group with active epilepsy differed considerably from controls and the remitted epilepsy group. There was a lack of synchronization of cortical/subcortical volumes in the active epilepsy group where correlations seemed equally stronger between different pair of nodes. The other two groups-controls and remitted epilepsy-presented more similarities between one another, but differences were apparent in cortical and subcortical areas. Specifically, cortical and subcortical areas Figure 2A , where correlations between cortical and subcortical regions were weak to negative in healthy controls but were stronger and positive in the group with remitted epilepsy (Fig. 2B) . Regions are listed in the same order as in Supporting Information Table 1S from the Supporting Information file 1.
Examining community structure (Fig. 3) , the active epilepsy group differed the most compared with the other two groups, confirming the lack of strength diversity observed in Figure 2C , in which the nodes weights appear to have the same thickness. Also, community structure seemed stronger in the active epilepsy group as seen in the densely interconnected regions within modules (nodes with same color), followed by the remitted epilepsy group, although both groups with epilepsy presented a somewhat disorganized pattern of cortical/subcortical synchronization compared with controls. The labels are the nodes' abbreviations and can be found in Supporting Information Table 1S .
Global results
The participants with active epilepsy showed significantly greater graph clustering and lower path length compared with both controls and the remitted epilepsy groups, which infers higher segregation and integration, respectively (Fig.  4) . Furthermore, participants with active epilepsy presented a significantly higher modularity index across graph density levels compared with both other groups, indicating a stronger community structure. These results clearly indicate abnormal brain architecture in active epilepsy compared with both controls and participants with remitted epilepsy. Controls and participants with remitted epilepsy appeared more similar to each other in terms of graph clustering, harmonic mean, and modularity index.
Betweenness centrality
BC was calculated as Z-scores for both groups with epilepsy with respect to the control group. As can be seen in Figure 5 , the remitted epilepsy group presented mostly frontal (left rostral middle frontal, right lateral orbitofrontal, and right pars orbitalis) and temporal regions (bilateral inferior temporal, right entorhinal, left fusiform) with the addition of the left inferior parietal as high Z-score regions; while the active epilepsy group presented high Zscore mainly in subcortical (left amygdala, left thalamus, right accumbens, right hippocampus, and right pallidum) and parietal (bilateral paracentral, right postcentral, right inferior parietal), followed by occipital (left pericalcarine, left lingual, left cuneus), frontal (right pars triangularis and right lateral orbitofrontal), and temporal areas (left transverse temporal and right bankssts).
Regarding the regions with negative Z-score (controls higher than epilepsy), only the left precentral gyrus presented lower Z-score with respect to controls in the group with remitted epilepsy, while the left precentral, right 
Supplementary Analysis
Given that the epilepsy patients represented a combination of idiopathic and generalized epilepsies, we performed additional analyses to determine if the reported effects were impacted by epilepsy syndrome. The analysis was repeated using epilepsy syndrome as a nuisance covariate and the results revealed no impact of epilepsy syndrome on the adjacency matrices, modularity, and global measures. These results can be found in the Supporting Information file 2.
DISCUSSION
To our knowledge, this is the first investigation to examine the very long term outcome status of brain structure of persons with childhood onset idiopathic and cryptogenic epilepsies (which correspond to genetic, presumed genetic, and of unknown etiology in the current classification [Berg et al, 2010] ). This population-based cohort was examined five decades following epilepsy onset when the participants were age 56 years old on average. The epilepsy group was composed of participants with active as well as remitted epilepsy and they were compared with a population-based control group. The imaging analyses included standard characterization of cortical (vertex) volume, thickness, surface area, and gyrification where modest cortical and subcortical differences persisted. Of particular interest was application of graph theory analyses to examine large scale cortical and subcortical covariance matrices. Because these groups experienced epilepsy onset in youth, it was a general expectation that normal childhood neurodevelopmental processes might be disrupted, particularly among those with persisting active epilepsy, but persisting network abnormalities continued to be observed in the remitted epilepsy participants. The vast majority of epilepsy neuroimaging studies to date has necessarily focused on persons with active epilepsies [Lin et al., 2012] and as a result very little is known regarding the long term imaging outcomes of individuals with remitted epilepsies. The details of our findings are reviewed below.
Vertex Analyses
Analyses of cortical volume, thickness, surface area, and gyrification revealed only minor long term abnormalities. No clusters were detected indicating significant differences in volume, surface area, or local gyrification index between the group with remitted epilepsy and controls. The vertex analysis revealed only a region of greater thickness for the remitted epilepsy group involving a region of greater gyrification index of the active epilepsy compared with controls. However, no significant differences in volumes were found between any of the groups. Regarding subcortical structures, patients with active epilepsy exhibited smaller bilateral thalamic volumes (left: P 5 0.024, right P 5 0.004) compared with controls, while remitted epilepsy presented greater left hippocampus volume (P 5 0.022) than the group with active epilepsy. However, differences in subcortical structures between the groups did not remain significant after correction for multiple comparisons.
Global Graph Theory Analyses
The results of the graph theory analyses were more revealing regarding differences between groups, suggesting that cortical/subcortical synchronization was affected among those with childhood onset epilepsy, the effects markedly greater among those with persisting active epilepsy. Surprisingly however, participants with remitted epilepsy were similar to controls in regard to global measures, but remained with fundamental differences suggesting that even when epilepsy is no longer active abnormalities remain in the synchronization of the structure of the brain, never reaching normality decades after Global results in healthy controls (light blue), participants with remitted epilepsy (blue), and participants with active epilepsy (red). *Statistically significant at a P < 0.05 after Bonferroni correction. Each group and at each density level is significant against the null hypothesis (corrected for multiple comparisons). [Color figure can be viewed at wileyonlinelibrary.com] Figure 5 . Z-scores of BC in participants with remitted (blue), and active epilepsy (red) with respect to controls. Calculated at a combined threshold of 15%. Bars with different pattern represent a 22 < Z-score > 2. *Significant at the null hypothesis; † significant against controls. [Color figure can be viewed at wileyonlinelibrary.com] remission. In addition, the graph theory analyses seem to provide a higher level of sensitivity than vertex analyses while also making possible the investigation of cortical morphometric differences at a deeper level. However, it cannot be elucidated if the networks are "abnormal" because of epilepsy, or whether epilepsy is a manifestation of preexisting abnormal networks.
Specifically, the investigation of adjacency matrices and community structure revealed abnormal cortical/subcortical synchronization among the active epilepsy group where regions seemed to be highly indiscriminating in regard to the strength of correlation and the node to which they correlated. When visualizing the thresholded matrices of each group, the control group seemed to present nodes that were more sparsely distributed, followed by the group with remitted epilepsy, while the group with active epilepsy presented a highly dense community structure composed of strong links (high correlations). Investigation of global graph properties indicated that the group with active epilepsy was significantly different compared with both other groups which seemed similar to each other in terms of modularity index while controls had the lowest transitivity (lower segregation), and the highest harmonic mean (lowest integration).
Only a limited amount of prior research has examined cognitive networks using graph theory, but it also revealed higher global clustering in pediatric patients with epilepsy compared with healthy controls, while also presenting higher integration [Kellermann et al., 2015] . In regard to imaging metrics of pediatric epilepsy patients studied close in time to diagnosis and based on volumetric covariances as in the present study, children with epilepsy presented high segregation (high clustering) and lower integration; the latter contrary to what was observed here [Bonilha et al., 2014] . These differences might reasonably imply that there is a change between early epilepsy network aberrations to the observed networks at an older chronic to remitted stage.
The current results also clearly indicated that although remitted epilepsy patients continued to exhibit differences compared with controls decades after epilepsy onset, the participants with continuing active epilepsy differed from both the controls and remitted epilepsy participants.
Betweenness Centrality
Since BC was calculated as Z-scores between remitted and active epilepsy participants relative to controls, the results are meant to convey information about disparities in the amount and nature of central regions in epilepsy compared with controls. Both groups with epilepsy presented a greater number of higher Z-score regions than lower Z-score regions compared with controls, possibly indicating the need for more regions to serve as facilitators in the cortical/subcortical synchronization between other areas. Interestingly, a small number of regions presented lower Z-scores compared with controls in both remitted and active epilepsy groups, possibly indicating moderate deficiencies of certain important nodes.
Contrary to the group with remitted epilepsy, patients with active epilepsy presented most of their high BC Zscore regions in subcortical areas including the amygdala, thalamus, hippocampus, pallidum and accumbens. Zhang et al. [2011] , examining patients with IGE with long epilepsy duration, reported high involvement of the amygdala in regional measures. Even though the amygdala is classically viewed as more affected in chronic temporal lobe epilepsy, the amygdala appears to be playing an important role in patients followed with a diversity of childhood onset epilepsies. Aside from subcortical regions, frontal and temporal areas also presented with high BC in the active epilepsy participants compared with controls. Furthermore, occipital areas (the lingual and cuneus) were also regions of high BC in the active epilepsy participants as well; areas that have stood out in previous studies of children with benign epilepsy with centrotemporal spikes (BECTS). Adebimpe et al. [2015] found that children with BECTS presented functional disruptions in frontal and occipital regions that they hypothesized might be associated with poor visuospatial memory observed in their patient sample. Given that the group with active epilepsy seemed to have highly central areas in frontal, parietal, temporal, occipital and subcortical regions, disruptions in this group seem to encompass most of the brain, contrary to the group with remitted epilepsy which presented mostly frontal and temporal regions as highly central areas.
Regarding the regions in which controls were higher than both groups with epilepsy, the left precentral gyrus was lower for both groups with epilepsy, with the addition of the left precuneus and the right medial orbitofrontal gyrus for the group with active epilepsy. The precuneus and the medial orbitofrontal gyrus are known regions of the default-mode network (DMN). The DMN becomes highly active when a person is not performing a specific task, known to be part of the baseline activity of the brain [see Broyd et al., 2009 for a review] . The fact that two important DMN regions presented lower BC in active epilepsy patients could be indicative of areas that are failing to be necessary bridges between others regions. However, since the current study concerns volumetric covariance between and within cortical and subcortical areas, parallelization between possible functional alterations related to such volumetric abnormalities might not be accurate.
The fact that graph theory analyses conveyed deeper information regarding cortical/subcortical covariance networks in children with epilepsy, while the vertex-wise analysis presented only limited group differences may be due to the nature of each modality. For example, vertexwise analyses focus on direct volumetric (or thickness or surface area) differences between groups pertaining to the different cortical regions under investigation, while graph r Brain Structure and Organization in Epilepsy r r 3297 r analyses also include less evident group comparisons ranging from regional interrelationships to broader network synchronization. Therefore, with graph theory analyses we are able to provide more insights about group differences in whole network synchronization as well as regional interrelationships which cannot be investigated with more conventional methodologies.
Limitations
There are several limitations associated with this investigation. The group with active epilepsy was modest in size. While this was a large population based cohort at onset, the majority of these patients were in remission five decades after onset [Sillanp€ a€ a et al., 2015] . Therefore, it remains to be determined how these findings will generalize to broader populations of active and remitted epilepsies and further studies in larger cohorts of patients. The epilepsy group overall was composed of persons with childhood onset localization and idiopathic generalized seizures. We conduced secondary analyses using epilepsy syndrome as a nuisance variable and the reported findings were not altered (Supporting Information file 2). Nonetheless, further examination of syndrome-specific groups is important in future research. Furthermore, the investigation was crosssectional in nature making it impossible to determine the time course of changes in the covariance matrix and whether changes occurred over time or were fixed in nature. As this study involved examination of a mixed but representative group of persons with early onset of uncomplicated epilepsies, we were not able to examine findings within specific epilepsy syndromes-although there was no difference between the remitted and active groups in syndrome distribution. Despite these limitations, we are able to provide the longest view to date of the outcomes of uncomplicated childhood onset epilepsy on brain structure.
CONCLUSION
Graph theory analyses revealed suboptimal topological structural organization with enhanced network segregation and reduced global integration in the epilepsy participants compared with controls, these patterns significantly more extreme in the active epilepsy group, but with the remitted patient group continuing to exhibit persisting network changes compared with controls. Overall, this population based investigation of long term outcome (5 decades) of childhood onset epilepsy reveals persisting abnormalities, especially when examined by graph theoretical measurements, and provides new insights into the very long term outcomes of active and remitted epilepsy. However, further studies are needed to elucidate if network abnormalities are a cause or a consequence of epilepsy and whether these network changes represent compensatory mechanisms.
